Guidance of axons by molecular gradients is crucial for wiring up the developing nervous system. It often is assumed that the unique signature of such guidance is immediate and biased turning of the axon tip toward or away from the gradient. However, here we show that such turning is not required for guidance. Rather, by a combination of experimental and computational analyses, we demonstrate that growth-rate modulation is an alternative mechanism for guidance. Furthermore we show that, although both mechanisms may operate simultaneously, biased turning dominates in steep gradients, whereas growth-rate modulation may dominate in shallow gradients. These results suggest that biased axon turning is not the only method by which guidance can occur.
Guidance of axons by molecular gradients is crucial for wiring up the developing nervous system. It often is assumed that the unique signature of such guidance is immediate and biased turning of the axon tip toward or away from the gradient. However, here we show that such turning is not required for guidance. Rather, by a combination of experimental and computational analyses, we demonstrate that growth-rate modulation is an alternative mechanism for guidance. Furthermore we show that, although both mechanisms may operate simultaneously, biased turning dominates in steep gradients, whereas growth-rate modulation may dominate in shallow gradients. These results suggest that biased axon turning is not the only method by which guidance can occur.
chemotaxis | growth cone | nerve growth factor | neural development | computational neuroscience F or the brain to function correctly, its neurons must be connected correctly, and wiring problems are known to underlie a number of nervous system disorders (1, 2) . Some of the most important cues guiding the formation of connections between neurons in the developing nervous system are molecular gradients (3) (4) (5) (6) (7) (8) (9) (10) . To respond to a gradient cue, an axon must be able both to make a decision regarding gradient direction and then to convert that decision into directed motion (8) . Although recent research has addressed the mechanisms involved in the decision-making step (11) , how a decision regarding gradient direction is subsequently converted into a change in behavior of the growth cone is largely unknown.
The most obvious mechanism in this regard is immediate and biased turning, whereby the axon tip is more likely to turn up the gradient (or down in the case of repulsive factors) each time the gradient direction is assessed. Such behavior is observed in in vitro assays that examine the response of axons to steep gradients of tropic factors in two dimensions (12) (13) (14) (15) (16) (17) . However, 3D in vitro assays, which reproduce more closely the conditions of axon growth in vivo, often fail to show consistent turning of axons. Rather, in these assays it tends to be the collective growth of a population of axons that is biased by the gradient (e.g., refs. [18] [19] [20] . Whether immediate and biased turning of axons in response to gradient signals occurs in vivo can be hard to assess, because in any specific situation axons are likely to respond to a combination of many different types of guidance cue. Here, we show that asymmetric growth of axons in response to a gradient signal does not require immediate and biased turning, and we identify an alternative mechanism for axonal chemotaxis based on growth-rate modulation. Our data suggest that, although immediate and biased turning and growthrate modulation may operate together, the former dominates in steep gradients, whereas the latter dominates in shallow gradients.
Results
Lack of Neurite Turning for Explants in Gradients. Previous analyses of neurite outgrowth from explants in 3D collagen gels generally have not included a quantitative analysis of turning. We therefore developed an automated method for measuring turning in explant images using a steerable ridge filter (21) (Materials and Methods) that enabled us to label each part of the image objectively as representing turning up or down the gradient. This identification was based on local information for each small region of the image rather than on complete axon trajectories, because the high density of neurite outgrowth made it impossible to reconstruct complete trajectories from our images. From these measurements an overall turning ratio (TR) was defined for each explant that varied between +1 (all turning up the gradient) and −1 (all turning down the gradient), with a zero value representing no net turning (Materials and Methods). We validated this method by showing that it is highly correlated with both human assessments of turning in real explant images (Fig. S1 ) and with explicitly curvature-based measures of turning in simulated explant images for which complete trajectory information was available (Fig. S2) .
We then measured how the TR varied with gradient conditions in a dataset of ≈ 2,500 dorsal root ganglion (DRG) explants grown for 48 h in exponentially shaped gradients of nerve growth factor (NGF) in which both the gradient steepness and absolute concentration were varied precisely, as described in ref. 11 . Fig. 1 shows examples of explant images and the values of the TRs obtained as a function of gradient conditions. Also shown are the previously determined values of the guidance ratio (GR), which compares the overall growth up the gradient with that down the gradient (11, 22 ) (Materials and Methods). Although some TR values are significantly different from the zerogradient condition (Table S1 ), all are close to zero, even when the GR values are strongly positive. Restricting the turning analysis to only a subregion of each image, such as a narrow strip oriented perpendicular to the gradient through the center of each explant, did not change the TR values significantly. Thus, explants can display highly asymmetric neurite growth without strongly biased turning of neurites.
Asymmetric Outgrowth Is Not Explained by a Purely Trophic Response.
How is this asymmetric growth possible? In common with axon guidance molecules such as netrin (23) and ephrinA (26) , NGF can have both chemotactic (tropic) and growth-promoting (trophic) effects on the same neurites. Therefore one potential explanation for the asymmetric neurite growth we observed in our explants is that the growth of neurites on the side of the explant facing up the gradient is differentially promoted simply because there is more NGF on the up-gradient side. To eliminate this possibility, we exploited the precise and reproducible control over gradient conditions afforded by the collagen gel pump assay (11, 22) and cultured a zigzag pattern of DRG explants in an NGF gradient ( Fig.  2A) . The trophic hypothesis, i.e., that the only influence on the movement of a growth cone is the absolute concentration of ligand it experiences at each moment, independent of how that concentration changes with space or time, predicts that total neurite growth from each side of each explant should be independent of whether that side is facing up or down the gradient and will be determined purely by the ligand concentration at each position (shown schematically in Fig. 2B ). In contrast, the tropic hypothesis To whom correspondence should be addressed. E-mail: g.goodhill@uq.edu.au.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0909254107/DCSupplemental. predicts that total neurite growth from each side should depend strongly on whether the side is facing up or down the gradient but should be relatively independent of concentration. The amount of neurite growth observed experimentally (Fig. 2C) was the same for the explant sides facing up the gradient, even though those sides were at different concentrations, and this growth was significantly greater than for the explants sides facing down the gradient, although for half of these downward-facing explant sides the NGF concentration was higher than for the explant sides facing up the gradient. These data are consistent with the tropic hypothesis but are inconsistent with the trophic hypothesis.
Delaying Gradient Application Does Not Produce Turning. A second possible explanation for biased outgrowth without immediate and biased turning is that most turning occurs before neurites leave the explant and thus is invisible to our turning-ratio analysis. To test this hypothesis, we delayed application of the NGF gradient for up to 24 h after explant plating to allow the neurites time to emerge from the explant (for details see ref. 11). We then analyzed the pattern of neurite turning 48 h after plating. It might be expected that a gradient applied to already visible neurites initially growing in an undirected manner would cause an obvious turn. However, when we analyzed turning in these explants, we found no change in the TR with time delay, and again the turning response was small in magnitude ( Fig. S3) . Thus, initial turning of neurites inside the explant cannot explain the lack of strong turning after they have emerged from the explant.
Lack of Turning Is Not Explained by Straightening of Neurites by
Tension. A third possible explanation for the lack of strong turning in explant images at 48 h is that neurite trajectories were indeed curved as they grew but subsequently straightened because of neurite tension (27) . To test this hypothesis, we performed time-lapse imaging of neurite growth from explants in gradients in collagen gels and compared the actual path taken by the neurite tip over several hours with the final trajectory of the neurite (Fig. S4 ). There was little difference between the instantaneous and final trajectories, demonstrating that later straightening of trajectories does not explain the lack of strong turning seen in our experiments.
If Immediate and Biased Turning Is Present, It Can Be Detected. A fourth possible explanation is that there is underlying immediate and biased turning, but our method for quantifying turning is not sensitive enough to detect it. To test this possibility, we analyzed simulated explant images which we knew contained immediate and biased turning. We recently have shown that the bias in axonal response to gradients as a function of gradient parameters is well matched by a Bayesian model for how growth cones combine noisy receptorbinding measurements to make a decision regarding gradient direction (11) . However, that model made no commitment as to how this decision was translated into a change in behavior of the growth cone. We therefore extended this model by coupling it to a biased random-walk model of neurite growth. Besides moving forward, at each timestep each neurite tip made a turn up the gradient with a probability related to the signal-to-noise ratio (SNR) calculated from the Bayesian model (for details, see Materials and Methods). We used this model to generate artificial explants with properties of neurite growth and image noise matched to our experimental data (Fig. 3A) . The GR and TR for these artificial explants then were measured using the same n values and SNR conditions used for the experimental data. The simulated GR curves match well with the experimental data (compare Figs. 1 and 3B). However, the simulated TR values are much larger than those measured experimentally. Thus, when immediate and biased turning was known to be present, our method for quantifying turning was able to detect it. Because we had complete knowledge of the underlying neurite trajectories used to generate the simulated explants, we also used these simulations to show that the TR values are strongly correlated with a measure explicitly based on curvature (Fig. S2 ).
Growth-Rate Modulation Explains These Data. Because the model based purely on immediate and biased turning failed to reproduce our data, we considered a different model for how a decision regarding gradient direction is converted to directed motion. The immediate and biased model can be imagined as representing a growth cone making a comparison in ligand receptor binding between its left and right side and then immediately turning left or right accordingly. We now imagined that, instead, the growth cone makes a comparison along its front-to-back axis and then modulates its speed of growth relative to the SNR calculated from the Bayesian model (Materials and Methods). At each timestep the growth cone also turns slightly, but the direction of this turn is assumed to be random and unrelated to the gradient direction. Artificial explants grown with this mechanism under the same conditions as those used experimentally (Fig.  3C ) appear visually similar to explants simulated with the explicit turning model (Fig. 3A) . However, applying the GR and TR analyses as before revealed that both the GR and the TR now match the experimental data much more closely (Fig. 3D) . In particular, even for gradient conditions for which explants show a large GR value, the TR value is small. A more direct comparison of the GR and TR values produced experimentally with those produced from the two different models confirms that the experimental data match the growth-rate modulation much more closely than the turning model (Fig. 3E) . Although in the growth-rate model the (11) . Some TRs are significantly different from the nogradient control condition (for n and P values, see Table S1 ), but all TRs are small compared with the GRs. At high NGF concentrations there is strong fasciculation and low neurite outgrowth (11) , and thus both the GR and TR data become noisier and less reliable. Error bars are SEMs.
steps up the gradient tend to be slightly longer than the steps down the gradient, it nonetheless is equally probable that a neurite segment chosen at random will be curving away from the gradient as curving toward it. This fact is illustrated by simulation in Fig. 3F and is proved mathematically in the SI Text (see also Figs. S5 and S6).
Which Guidance Strategy Dominates Depends on the Steepness of the Gradient. The above experimental and computational results suggest that neurites respond to shallow gradients in 3D collagen gels primarily by varying their growth rate rather than by immediate and biased turning. This finding contrasts with the strong turning re- 
pattern of six DRG explants, were printed with an NGF gradient of 0.3% fractional change across 10 microns, with an absolute concentration of 0.3 nM at the line equidistant between the two rows of explants. (A) Reconstruction of DRG explants in one plate (NGF gradient increasing upwards). (Scale bar, 1 mm.) The yellow dashed line marks the center of the zigzag pattern, and the gray dashed lines mark the approximate centers of the two sets of explants. On the left, the shape of the NGF gradient is shown schematically, along with accompanying estimates of the actual concentration present at different positions in this gradient. On the right, the red and green numbers label the groups of neurites whose outgrowth are compared. (B) If the amount of outgrowth from each side of an explant is purely a function of absolute concentration, then the amount of outgrowth should be ordered as group 1 > group 2 > group 3 > group 4 (shown schematically), because the average concentration decreases between each of these regions. On the other hand, if the amount of outgrowth is determined by the direction of the gradient vector, the ordering should be group 1 ≈ group 3 > group 2 ≈ group 4; that is, growth should depend more on the direction of neurite growth relative to the gradient than on absolute concentration. (C) Measured outgrowth for the four groups of neurites labeled in A. Group 1 has the same growth as group 3, group 2 has the same growth as group 4, and group 2 has significantly lower outgrowth than group 3 despite being at a slightly higher NGF concentration, ruling out the trophic hypothesis. n = 93-95 per group, averaged over three separate experiments. P values shown are from a t test. The two green bars are not significantly different, nor are the two red bars. (Fig. 1) . (E) Correlation between GR and TR values for the experimental data and the two models, confirming that the growth-rate modulation model fits the experimental data much more closely than does the immediate and biased turning model. There is one point of each color for each of the 38 combinations of gradient steepness and concentration investigated experimentally. (F) Simulated explants generated using the growth-rate modulation mechanism fail to show significantly more neurites curving in the direction of the gradient than away from it, even at very long timescales (100 times longer than those used in panels A and C). Each point shows mean ± SEM, n = 50 explants; curvature ratio is defined in Fig. S2 ).
sponse observed for neurites on 2D substrates with steep gradients (12) (13) (14) (15) (16) (17) . But do neurites in steep gradients also modulate their growth rate depending on whether they are growing up or down the gradient? First we confirmed that, as observed for other types of neurons (14) , superior cervical ganglion (SCG) neurites respond to gradients of NGF in the conventional pipette or growth cone turning assay by turning (Fig. 4 A and B) . We then adapted this assay to compare the growth rate of individual neurites when the pipette was placed directly in front of the growth cone with the growth rate when the pipette was placed directly behind the growth cone (Materials and Methods). Growth rates were indistinguishable in the two conditions (Fig. 4 C and D) , suggesting that the strategy of growth-rate modulation for chemotaxis observed in shallow gradients in 3D collagen gels does not generalize to the steep gradients of the 2D pipette assay.
Finally, we asked whether the difference in chemotactic strategy is caused by the parameters of the gradient or the nature of the substrate. We did so by developing a version of the pipette assay in a 3D collagen gel, thus changing the gradient parameters without changing the substrate (Materials and Methods). In this case, turning of SCG neurites toward the pipette was observed (Fig. 4 E and F) . Thus, gradient steepness, rather than the nature of the substrate, determines the chemotactic strategy used.
Discussion
It often is assumed that the only way to determine unambiguously if a growth cone has detected a gradient is for the growth cone to display immediate and biased turning in response to that gradient. We have shown that growth-rate modulation is an alternative read-out mechanism that can be important under certain circumstances. Thus, although immediate and biased turning certainly suggests guidance, a lack of such turning does not definitively imply no guidance. It has been discussed previously that axons sometimes grow further when moving straight up a gradient than when moving either straight down a gradient or on a uniform concentration (24) (25) (26) . Our growth-rate modulation model is consistent with these proposals but is expressed more precisely as a computational model of axon movement in two dimensions. Furthermore, we have shown that this model is quantitatively consistent with the behavior of axons grown under precisely controlled gradient conditions. Why might gradient steepness be a key factor in determining which read-out mechanism dominates? We suggest a crucial issue is that immediate turning requires comparing concentrations between the left-and right-hand sides of the growth cone, a distance that is generally only a few microns. On this scale the differences in receptor binding induced by a shallow ligand gradient can be extremely small, particularly for low ligand concentrations (11) . Thus, under these circumstances, a decision to turn left or right will be very unreliable. In contrast, a growth-rate modulation method potentially allows comparisons of concentrations over much longer distances. The comparison could be between the growth cone and regions of the axon shaft many tens of microns behind the growth cone, or indeed between the growth cone and the soma itself. This increase in distance relative to the width of the growth cone dramatically increases the difference in concentration to be detected and thus the fidelity of the guidance decision. However, in this case, a read-out in terms of immediate and biased turning is no longer possible, leaving a change in growth rate as the obvious alternative. For the measurements we have made so far, it is not possible to determine this distance, because it is combined with other unknown biological variables in the proportionality constant in our expression governing how response varies with gradient parameters [Eq. 2] (Materials and Methods).
Immediate and biased turning and growth-rate modulation need not be exclusive mechanisms. The fact that a small but significant TR is seen in our explant data is consistent with the idea that growth cones still are attempting to turn in response to the gradient but do so very unreliably, as expected from the very small change in concentration across their width. Growth-rate modulation then is the dominant mechanism. In contrast, in the pipette assay, where the gradient is highly localized, the difference in concentration between the growth cone and more distal parts of the axon is independent of gradient direction, and so no growth-rate modulation would be expected. A similar transition between gradient-detection strategies could apply as growth cone size varies with species and/or assay conditions. For large growth cones, biased turning may be a sufficiently reliable response, whereas for small growth cones growthrate modulation may become more effective. Overall, we suggest that immediate and biased turning and growth-rate modulation work together to guide axons to their targets, but we predict that the relative importance of each mechanism in any particular case will be determined by the parameters of the gradient.
Materials and Methods
Printing Assay. DRGs from P2 rat pups were dissected into ice-cold Leibovitz's medium, trimmed of excess axonal tissue, and digested with 0.25% trypsin for Comparison of neurite growth rates with the pipette directly in front of the growth cone and with the pipette directly behind the growth cone. (C) Paired data (n = 9): each line shows the growth rates for the same neurite growing up or growing down the gradient. "First" and "second" refer to the order in which the gradients were presented to each axon. Gradient direction has no effect on growth rate (P = 0.92, paired t test). (D) Overall comparison of growth rates (unpaired data, n = 11 up, 14 down, P = 0.36, unpaired t test). (E and F) SCG neurites turn in NGF gradients produced from a pipette in 3D collagen. (E) PBS control. n = 10, mean turning angle = −6.8 ± 6.2°(not statistically different from zero, P = 0.3, one-sample t test). (F) NGF (10 μM) in the pipette. n = 18, mean turning angle = 10.3°(mean is statistically different from zero, P = 0.04, one-sample t test). The distributions of E and F are significantly different (P = 0.01, Kolmogorov-Smirnov test.) 10 min. DRGs then were embedded in collagen, and an NGF gradient was printed as described elsewhere (11, 22) . Briefly, 750 μL of 0.2% type I rat tail collagen was allowed to set in a 35-mm Petri dish. Six DRGs then were embedded in 750 μL of collagen which overlaid the first layer. A Nanoplotter (Gesim) then was used to print gradients of NGF of varying steepness. For the zigzag experiment, the DRGs were positioned on either side of a line at which the NGF concentration was 0.3 nM and steepness was 0.3% across 10 μm (Fig.  2A) . After 2 days incubation at 37°C and 5% CO 2 , the DRGs were immunostained for β3-tubulin and photographed using ApoTome imaging with a Zeiss Z1 microscope.
Measurement of Neurite Outgrowth and Explant Asymmetry. Outgrowth asymmetry was quantified using the guidance ratio GR = (H − L)/(H + L), H and L being the number of neurite pixels on the high and low ligand concentration sides of the explant, respectively (11) . Total outgrowth was calculated as the total number of neurite pixels (i.e., H + L) divided by E, the number of pixels in the explant. For the zigzag experiment, outgrowth on each side was calculated as H/E and L/E, respectively.
Time-Lapse Imaging of DRG Neurites. DRGs were subjected to the printing assay as described above (0.3%/0.3 nM gradient of NGF). After 24 h of growth in an incubator at 37°C and 5% CO 2 , neurites were photographed using phase-contrast microscopy with a 20× objective on a Zeiss Z1 microscope at 10-min intervals for up to 6 h. The position of the growth cone at each interval then was marked using ImageJ (http://rsbweb.nih.gov/ij/download. html) and compared with the trace of the resulting axon.
Quantification of Neurite Turning. Because of the high density of neurite outgrowth from our explants, it was not possibleto reconstructindividualneurite trajectories reliably. Thus, to each pixel we assigned a turning value corresponding to a neurite in the micrograph and used these values directly. In particular, a steerable ridge filter (21, 28) was applied to the nonexplant region of image to identify pixels corresponding to neurites and to estimate the orientation angle of the associated neurite (for more details, see SI Text). For each neurite pixel we determined the difference vector of smallest magnitude between each of the two opposing unit vectors lying parallel to the neurite orientation angle and the unit vector pointing from the center of the explant to the neurite pixel. We classified each neurite pixel as turning up or down the gradient according to the sign of the component of this vector pointing up the ligand gradient (Fig. S1A) . The turning ratio of the explant then was calculated by TR = (U − D)/(U + D), U and D being the number of pixels turning up-gradient and down-gradient, respectively.
To confirm that this measure was consistent with human estimates of the degree of turning in explant images, seven observers assigned each member of a selected corpus of 188 explant images an integer score ranging from −2 (strong downward turning) to +2 (strong upward turning), with zero representing no turning. There is good correlation between the two sets of values (Fig. S1B) . Furthermore, we confirmed that for simulated explants in which substantial turning is present, the turning ratio measure is highly correlated with a measure based explicitly on the curvature of individual neurite trajectories (Figs. S2 and S5 ).
Explant Simulations. Simulating a single explant involved three steps: (i) generating a mock explant body and seeding it with neurite outgrowth sites, (ii) generating neurite trajectories according to the growth models of interest, and (iii) compositing the explant body with the neurite trajectories (with a degree of imaging noise) to generate a final simulated explant image. For details of the first and third steps, see SI Text.
Two distinct mechanisms were used for generating neurite trajectories. The turning mechanism assumes that neurites respond to an imposed gradient by making small turns in their direction of growth, biased in the direction of the gradient (although subject to random noise), and growth rate remains constant. The growth-rate mechanism assumes that rate of neurite growth is modulatedby the gradient, and the probability of turning up or down the gradient remains unbiased. We briefly summarize these mechanisms below. To mimic the experimental condition that neurites growing in a 3D medium tend to move in and out of the plane of focus, we simulated the z-coordinate of the neurite trajectory with a persistent random walk uncoupled to the x and y coordinates.
Turning Mechanism. At each timestep, the neurite moves a set distance in the direction it is currently heading. It then makes a small turn of magnitude δθ = π/30 to the left or right. The presence of the gradient biases this choice, and we modeled this bias by assuming that the growth cone detects the change in concentration across its width, with a measurement whose SNR is related to the background concentration γ, gradient steepness μ, gradient direction θ NGF , and the growth cone current direction θ according to
(see ref. 11). In other words, to decide whether the growth cone turns left or right, we sampled from a Gaussian distribution N ðSNR; 1Þ with mean given by Eq. 1 and variance 1. If the sign of this quantity was positive, the growth cone turned right, and if it was negative, the growth cone turned left.
Growth-Rate Mechanism. In the growth-rate mechanism, at each timestep the neurite moves a variable distance in the direction it is currently heading. It then makes a small turn δθ = π/30 to the right or left, selected in an unbiased manner. The gradient influences the neurite trajectory only through modulation of its growth rate. As with the turning mechanism, the growth rate is modulated in proportion to a measurement, with the SNR related to the gradient parameters., In this case, however, the measurement is made along the length of the growth cone, rather than across its width:
The length of the step taken then is determined by multiplying the average step size by a factor 1 þ k * N ðSNR; 1Þ, where k was set empirically to 0.5. The distance over which the comparison is made is encoded by μ, the fractional change in concentration over that distance. Thus, for example, the SNR will be much larger if the comparison is between the growth cone and the soma rather than just across the spatial extent of the growth cone.
Pipette Assay in 2D. SCGs were isolated by microdissection from postnatal day 1 (P1)-P3 Wistar rat pups (29) . The SCGs were cut into thirds and incubated in Hanks' solution containing 0.25% trypsin at 37°C for 20 min and then were gently triturated through flamed-polished Pasteur pipettes for 10 min to dissociate individual cells. The cells were plated in Opti-MEM solution containing 10 μg/mL laminin and 0.2 nM NGF on 35-mm Petri dishes and incubated overnight at 37°C. The assays were carried out on a heated microscope stage (Fryer Co.) at 37°C to maintain the neurons at a native, biologically relevant temperature. Growth cones with a straight trailing axon of more than 20 μm of were selected for the assay. Gradients were generated using the pulsatile ejection method reported previously (12, 30) . Briefly, a PV820 Pneumatic PicoPump (World Precision Instruments) and purpose-built electronic pulse stimulator was used to create a pressure of 5 psi with an electronically gated pulsatile frequency of 2 Hz and pulse duration of 50 ms. The NGF solution was applied to the axon through a micropipette with an average tip diameter of 1.3 μm (glass capillary pulled by a micropipette puller; Sutter Instrument) at a distance of 100 μm away from the growth cone. For Fig. 4 A and B, the pipette was positioned at 45°to the initial direction of growth of the neurite tip. For Fig. 4 C and D, the pipette was positioned at 0°("in front") or 180°("behind") to the initial direction of growth of the neurite tip. To monitor the chemical gradient produced, 70-kDa dextran labeled with fluorescent tetramethylrhodamine (Molecular Probes Inc) was added to the pipette solution.
A layer of prewarmed mineral oil was added gently to the top of the culture medium before assaying to prevent atmospheric exchange lowering the pH and to reduce evaporation. Images of the growing axon were taken using the 20× objective of a Nikon Eclipse TE200 inverted microscope at 60-s intervals for 1 h using a Q-Imaging camera and Q-Capture Pro software (Quantitative Imaging , Inc). Images were saved as .avi files.
Custom Matlab code was used to trace the path of each axon and to calculate the turning angle and distance of neurite outgrowth. The pipette location, initial direction of growth, and center of the growth cone were identified in the first frame of the movie, and then the center of the growth cone was located in each subsequent frame. The turning angle was defined as the angle between the original direction of growth and the average position of the growth cone in the last five frames in the trace. Plots tracing the paths of neurite growth for each condition also were generated automatically. The cumulative distributions of turning angles for each condition were compared statistically using the two-sample Kolmogorov-Smirnov test. Only growth cones with more than 15 μm of net growth over the period of the assay were included in the analysis.
Pipette Assay in 3D Collagen. Dissociated SCG neurons were labeled with pCAGYFP plasmid using an Amaxa nucelofector. After nucleofection, cells were resuspended in 0.2% collagen (as for the printing assay above), and a layer of collagen ≈100 μm thick was spread onto 35-mm glass-bottomed culture dishes (MatTek). After gelling, the collagen was overlaid with 2 mL of Opti-MEM containing 0.3 nM NGF, and cells were grown overnight in a 37°C, 5% CO 2 incubator. Neurites at least 50 μm long were positioned ≈100 μm from a micropipette filled with 1 μM NGF placed at 45°to the direction of growth of the neurite. NGF was ejected as per the 2D assay described above. While the plate was maintained at 37°C and with a 5% CO 2 atmosphere, a 40-μm confocal z-stack (with a 4-μm interslice spacing) was acquired at 1-min intervals for 3 h using a Zeiss 5 Live microscope. Neurites that grew more than 20 μm in the horizontal plane and less than 20 μm in the vertical plane were analyzed as for the 2D assay described above using compressed z-stack .avi files.
